Oxide based dilute magnetic semiconductor materials have been of great interest over the years due to their potential use in spintronic devices. However, the variations in the magnetic behavior of the materials have raised concerns regarding the origin of ferromagnetic properties which still needs to be explored. Manipulation of magnetic behavior in oxide based dilute magnetic semiconductors has become a challenge due to the interplay of intrinsic defects present in the material. TiO 2 nanocrystals have been studied largely due to their challenging optical and magnetic properties. The present investigation studies in detail the structural, morphological, optical and magnetic behavior of nonmagnetic element (Cu and Zn) doped TiO 2 , synthesized via a simple sol-gel technique. X-ray diffraction patterns and Raman spectra confirm the anatase phase and high resolution transmission electron microscopic results clearly indicate the formation of highly crystalline nanocrystals in all the samples with particle size ranging from 5-15 nm. Energy dispersive X-ray fluorescence spectroscopic studies reveal the compositional homogeneity of all the investigated samples. The presence of functional groups and molecular interactions were identified by Fourier transform infrared spectroscopy. Optical properties were studied through UV-visible and photoluminescence spectroscopy from which a significant reduction in band gap in Cu-doped TiO 2 nanocrystals was found. X-ray photoelectron spectra confirm the presence of Ti 
Introduction
TiO 2 is a wide-band-gap semiconductor, the nanocrystals of which nd a large number of practical applications such as in dilute magnetic semiconductors (DMS), lithium-ion batteries 3 and photo-electrochemical solar energy conversion. [4] [5] [6] In the past decade, much attention has been focused on TiO 2 specically due to its interesting optical and electronic properties, non-toxicity, low cost, and high stability. The synthesis conditions, modication of nanostructured TiO 2 and tailoring of the band gap have long been the core area of research which has drawn great attention. TiO 2 can be treated as a multifunctional material but due to its wide band gap it can absorb only UV radiation and the total solar spectrum cannot be useful for practical purposes. Hence, the optoelectronics application requires tailoring of its energy band gap which can be obtained by suitable doping with appropriate dopants.
Transition metal (TM) elements can successfully induce changes in the band gap and reports suggest that substitutional doping can alter the optical and magnetic properties of TiO 2 nanocrystals. [7] [8] [9] [10] [11] [12] [13] In general, nanosized semiconductor materials like TiO 2 usually contain a large number of surface oxygen vacancies because of both surface and size effects. The oxygen vacancies strongly affect the electronic states, which modify the optical and magnetic properties.
14-17 Therefore, the impact of oxygen vacancies on the material properties is considered to be a crucial factor for various applications. Further, depending on the type of TM ion dopant, TiO 2 nanocrystals exhibit different optical and magnetic properties, which can be ferromagnetic (FM), paramagnetic (PM), superparamagnetic (SPM) or diamagnetic. It is expected that due to self purication mechanism, successful doping of nanocrystals will be a tedious job and distribution of dopant ions will be more near the surface than the core of the nanocrystals. [18] [19] [20] It is well reported that doping with magnetic transition elements such as Fe, Co and Ni can induce ferromagnetism in TiO 2 .
TiO 2 has also been studied largely as a DMS material for spintronics and magneto-optic devices [21] [22] [23] due to its good optical transmission in UV-visible as well as in the near-infrared region. Our recent report well explains the magnetic properties of Co doped TiO 2 in which it is suggested that Co doped TiO 2 could be a potential candidate for DMS applications. 24 The concept of DMS lies with the introduction of magnetic impurities to replace a small fraction of cations in the semiconductor host lattice. For practical applications of DMS based spintronics devices room temperature ferromagnetism (RTFM) is essential and the ferromagnetism should be intrinsic. The discovery of RTFM in Co-doped anatase TiO 2 and ZnO [23] [24] [25] [26] invited worldwide attention on oxide-based DMS for spintronics devices. In particular, TiO 2 has been given much importance due to its multifunctional applications, as an excellent photocatalyst as well as magneto-optic devices. Even though a good amount of work has been reported on TiO 2 based DMS, the origin of RTFM in TiO 2 is still under controversy. These controversies are due to the existence of intrinsic defects like oxygen vacancies or Ti interstitials or extrinsic contributions arising from magnetic clusters due to TM doping. 24, [27] [28] [29] [30] [31] [32] [33] [34] [35] It is interesting to note that RTFM has been even reported in un-doped and non-magnetic impurities doped TiO 2 and other oxides 36, 37 which suggests the importance of defects in creating ferromagnetic ordering.
The structural and optical properties of TiO 2 nanocrystals doped with different TM elements like Fe, Co, Ni, Cu, Mn, etc. and their inuence on the magnetic properties and interaction of these doped ions with defects such as oxygen vacancies present in the TiO 2 lattice have been reported. 1, 24, [38] [39] [40] [41] [42] Recently, few reports have suggested that successful incorporation of metal ions into the host lattice can induce a red shi in the band gap of TiO 2 material and create oxygen vacancies which contribute towards FM. 43 Our recent report suggests that Co doping in TiO 2 can induce FM, which could be due to the combined effect of inherent magnetism present in the doped element and oxygen vacancies present in doped TiO 2 .
24 Very few studies have reported about the origin of magnetic behavior of non magnetic transition element doped TiO 2 and the formation of both TM ion site vacancies and oxygen site vacancies. In the present study, we have investigated in detail the structural, morphological, optical and magnetic properties of undoped, Cu and Zn doped TiO 2 nanocrystals synthesized by a simple and cost effective sol-gel technique. A signicant reduction in bandgap in Cu-doped TiO 2 as well as a narrowing of bandgap in Zn-doped TiO 2 is obtained. The magnetic behavior of undoped, Cu and Zn doped TiO 2 material has been explained based on bound magnetic polaron (BMP) model. The present work is focused on the study of the formation of Cu and Zn-doped TiO 2 nanocrystals with defects associated with Ti and O site which ultimately decides the optical and magnetic behavior of these materials.
Experimental
Undoped, Cu (3%) and Zn (3%) doped TiO 2 nanocrystals were synthesized by a simple sol-gel technique where titanium butoxide and corresponding metal nitrates were used as the Ti and metal ion precursors respectively. The synthesis approach enables the formation of stable anatase phase of all the studied samples and hence aer named as T-P, T-Cu and T-Zn for undoped, Cu-doped and Zn-doped samples respectively. The resultant sol-gel materials were calcined at 400 C for 3.5 h in a muffle furnace under ambient air atmosphere. Their structure and phase purity were studied by X-ray diffraction (XRD) at room temperature using PANalytical X'Pert Pro diffractometer with Cu-Ka radiation. The crystal structure of anatase TiO 2 was generated using Vesta soware. Micro-Raman spectroscopy was performed using Horiba Jobin Yvon LabRAM HR 800 microRaman spectrometer using 1800 grooves mm À1 grating, with the spectral resolution of 2 cm À1 . All the experiments were performed using the excitation wavelength of 405 nm. The particle size and morphology were studied using High Resolution-Transmission Electron Microscopy (HR-TEM, FEI Tecnai F20, operated at 300 kV). Again, to conrm the elemental composition, an energy dispersive X-ray Fluorescence Spectrometry (ED-XRFS) study was carried out using PANalytical Epsilon 3 and further conrmed by Inductive Coupled PlasmaMass Spectroscopy (ICP-MS, Thermosher Scientic, Model iCAP-RQ-ICPMS). Functional group identication of the prepared nanocrystals was investigated by Fourier TransformInfrared (FT-IR) spectra using a Bruker FT-IR spectrometer. The UV-visible spectra of the samples were recorded by a Shimadzu UV 2401 PC spectrophotometer and the emission spectra were obtained from a spectrouorometer (Cary Eclipse, Varian). The X-ray photoelectron spectroscopy (XPS) study was carried out on powder samples at room temperature using a PHY 5000 Versa Probe II, ULVAC-PHI, Inc instrument. Al Ka was used as the X-ray source and pressure in the XPS chamber during the measurements was 5 Â 10 À10 mbar. The binding energies were corrected by taking C 1s as reference energy (C 1s ¼ 284.60 eV). A wide scan was collected to ensure that no foreign material was present on the sample surface. The highresolution scans of Ti 2p, Cu 2p and Zn 2p regions were collected. Curve tting to the XPS spectrum was done using MultiPak Spectrum:ESCA. Background subtraction was done using the Shirley method. Room temperature magnetic studies were performed using vibrating sample magnetometer (VSM) attached to the physical property measurement system, Quantum Design Inc., (USA).
Results and discussion Table 1 .
The Rietveld renement indicates the incorporation of Cu and Zn ions in the sol-gel derived TiO 2 matrix. As a representative of the series, the anatase crystal structure of TiO 2 derived using Vesta soware is depicted in Fig. S2 . † To further conrm the phase and crystallinity of T-P, T-Cu and T-Zn nanocrystals, Raman spectra were taken and are shown in Fig. 2 . Raman spectrum of T-P nanocrystals exhibits peaks which are located at around 144, 196, 398, 520 and 640 cm À1 . These peaks correspond to the lattice vibration of E g (1) , E g (2), B 1g (1), A 1g + B 1g (2) , and E g (3) modes of anatase TiO 2 respectively.
46-48
Raman spectra of T-Cu and T-Zn show typical spectra of anatase 48 Hence, it is believed that defects like oxygen vacancy in the material strongly affect the Raman modes. In our study, the most intense E g (1) Raman mode at 144 cm À1 shows blue shiing and slight broadening with doping ( Fig. 2(b) ). XRD and TEM (discussed later) results show the crystallite size in the nanoscale range. So, both the phonon connement and disorder in the host lattice induced due to the incorporation of Cu, Zn atoms/ions creating defects like oxygen vacancies in TiO 2 have caused the shiing and broadening of the Raman peaks.
49-51
Detailed TEM micrographs showing the morphology of all the samples are given in Fig. 3 . Interestingly, the morphology is highly dependent on synthesis conditions, which assisted the formation of nanocrystals with an average particle size of about 12 nm in T-P which further agrees well with the crystallite size estimated from the XRD results. It is reported that sol-gel route facilitates the formation of nanostructures. 52, 53 Cu substitution into the Ti site could result in lattice expansion due to larger ionic size of Cu and hence an increase in particle size is also expected as mentioned in the crystallite size calculation from XRD analysis. TEM results of T-Cu indicate the formation of nanocrystals having higher particle size (13 nm) than T-P sample (12 nm). Interestingly, T-Zn sample shows a decrease in particle size (11 nm) which also agrees well with the crystallite size calculated from XRD results. Previous reports suggest the reduction in particle size of TiO 2 upon Zn doping. 54 The T-P sample shows an average particle size of 12 nm and T-Zn samples show an average size of 11 nm suggesting that Zn doping has signicantly decreased the size distribution of nanocrystals. (101) and (004) planes of T-Zn sample and the interplanar spacing obtained in each case are in accordance with the XRD patterns ( Fig. 1) . Fig. 3 (g-i) represent the selected area diffraction patterns (SAED) of the T-P, T-Cu and T-Zn samples respectively which suggest the polycrystalline nature of all the samples and T-Cu shows an enhanced crystallinity among the three samples, which again corroborates with high resolution TEM images and lattice fringes as discussed earlier.
To investigate on the elemental compositions, an ED-XRF analysis was carried out on all the samples. The stoichiometries of all the studied compounds were found by ED-XRF analysis. Chemical compositions of T-P, T-Cu and T-Zn are given in Table 2 . The undoped TiO 2 is dominated with 99.97% TiO 2 which clearly shows the presence of TiO 2 alone and the slight mismatch could be covered within the limit of experimental error. It is evident that the ratios of Ti : Cu and Ti : Zn are very much close to the nominal compositions for T-Cu and T-Zn respectively. It is worthwhile to note that the ratio of Ti : (Cu, Zn) were also found to be the same as that of the expected single phase composition within the limits of experimental error. Further, the elemental composition and accuracy are veried using ICP-MS analysis and the results are shown in Table 3 .
FT-IR spectroscopy technique gives information about the functional groups, inter and intra-molecular interactions and the molecular geometry of the compound. FT-IR spectra of all the samples were taken at room temperature to identify the various functional groups and vibrational bands present in the samples which are shown in Fig. 4 . Different bands observed in FT-IR spectra of T-P, T-Cu and T-Zn nanocrystals are summarized in Table S1 . † Among the different bands that appear in the spectra, the broad band around 3500 cm À1 corresponds to the stretching vibration of OH groups and could be due to the OH group associated with the Ti atoms, i.e., Ti a regular shi of the absorption edge towards longer wavelengths due to incorporation of Cu and Zn in TiO 2 . The undoped TiO 2 sample shows an optical absorption near 375 nm, which is ascribed due to the electronic transition between valence and conduction band. A slight shi in optical absorption edge is observed for T-Zn which is around 385 nm whereas a clear red shi is observed for T-Cu towards longer wavelength. It is clear from XRD and TEM analysis that particle size is decreased with Zn doping and previous reports suggest that the red shi of the absorption edge cannot be due to quantum connement effect. 57 New energy bands are created within the band gap of TiO 2 due to these metal ion doping. The transition from valence band to intra-band energy levels or from these intermediate levels to the conduction band can cause the red shi of the absorption edge of TiO 2 . This red shi can be taken as an evidence for the incorporation of doped metal ions into the TiO 2 lattice. The band gap (obtained from Tauc's plot) observed for T-P, T-Cu and T-Zn are 3.16 eV, 2.38 eV and 3.05 eV PL spectra provides information regarding structural matters, defects in the crystal lattice and trap states of the material which decides the electronic structure of materials. Thus PL spectra recorded for all the samples are shown in Fig. 7(a) . The deconvoluted PL spectra of T-P, T-Cu and T-Zn are represented in Fig. 7(b) , (c) and (d) respectively, from which strong emission peaks are observed in the range 370-600 nm. The emission peak observed around 390 nm is due to the near band edge emission of host TiO 2 . The emission peaks located in between 400-450 nm have arisen as a result of self-trapped excitons (STE), oxygen vacancies, surface defects, etc.
58-61 The STE arises when a trapped electron captures a hole in TiO 2 , more clearly, the recombination occurs through oxygen vacancies present in the system. Since oxygen vacancies are intrinsic defects in TiO 2 and Cu/Zn doping also creates oxygen vacancies due to the substitution of Cu + /Cu 2+ /Zn 2+ on Ti 4+ , the emissions around 400-450 nm are probably due to STE. [58] [59] [60] [61] The emission peak at 490 nm appears as a result of charge transition from Ti 3+ to TiO 6 2À linked with oxygen vacancies 62 and the peak at nearly 520 nm may have appeared due to the F + -center formation.
63,64
The hydroxyl (OH) species as observed in the FTIR spectra as well as conrmed from XPS analysis (which are discussed in the coming sections), can create an acceptor level just above the valence band and contributes for the observed emission near 600 nm.
14 It is expected that the presence of oxygen deciency in small amounts cannot be ruled out in the air annealing process and hence the multiple oxidation states of Ti is expected in the system which is discussed in detail in the later sections. The magnetic properties of undoped, Cu-doped and Zndoped TiO 2 nanocrystals were studied by VSM. The M-H measurements on all the samples were performed by varying the magnetic eld from À90 kOe to +90kOe at room temperature. The M-H curves obtained for all the samples are shown in Fig. 8(a) from which a PM behavior is observed for T-P and T-Cu whereas a diamagnetic tail is noticed for T-Zn. However, it is interesting to note that the M-H loops show weak FM in T-P and T-Cu sample ( Fig. 8(b) and (c)) at lower elds. There is a slight increase in the magnetic moment in T-Cu sample. The inset in Fig. 8(b) shows the M-H plot (zoomed) at lower eld of T-P sample at 300 K which gives coercivity (H c ) of 305 Oe. There is a similar observation for T-Cu sample as shown in inset of This observation on the RTFM in nonmagnetic DMS materials such as TiO 2 based system reveals that magnetic properties may not be completely depending on the magnetic ions, but may be mediated effectively by the point defects such as oxygen vacancies or host lattice vacancies. Thus, point defects mediated FM is termed as 'd0 ferromagnetism' which is commonly noticed in nanostructures having high surface area to volume ratio and exhibiting notable surface defects. 66, 67 Hence, the size and morphology of nanostructures can strongly determine the observed FM, which is so crucial in studying the defect-related FM. The occurrence of intrinsic magnetic moment in TiO 2 nanoparticles can be explained by the magnetic interactions caused by the isolated magnetic moments arising as a result of partially lled electron shells due to imperfections at the surface and inter surface ultimately leading to the surface magnetic moments in nonmagnetic TiO 2 material. Hence, it can be assumed that surface defect states of TiO 2 nanoparticles could be responsible for the intrinsic origin of the macroscopic d0 FM in TiO 2 nanostructures.
The presence of FM in both T-P and T-Cu and an increase in magnetic moment in T-Cu indicate that magnetism can be enhanced due to Cu-doping which may have created more vacancies/Ti 3+ ions which is well in accordance with the PL results. But in the case of Zn-doped samples although magnetization is observed at lower elds as shown in Fig. 8(d) , but an absence of clear PM/FM behavior indicates that long range FM ordering has been lost in the sample, which can be due to the interaction of oxygen vacancies/Zn 2+ ions with Zn ions inhibiting FM/PM. Although, the T-Zn sample exhibits a diamagnetic behavior at higher magnetic elds, a positive response to the magnetic eld well below 1 Tesla is observed (as shown in the inset of Fig. 8(d) ). The observation of weak FM at lower magnetic elds might be due to the presence of oxygen vacancy defects and Ti/Zn site defects. A very weak FM observed at lower elds could be attributed to the d0 mechanism as explained above. This could lead to the formation of bound magnetic polarons (BMPs) similar to undoped and Cu-doped samples where small particle size could induce single domain in the system. Raman, UVvisible and XPS analysis indicate the presence of defects like Ti/ Cu/Zn site vacancies or oxygen vacancies in T-P, T-Cu, T-Zn samples. The presence of these deciencies in both undoped and Cu, Zn doped samples may have been obtained due to the synthesis conditions, surface defects especially arising when nanostructuring due to particle size reduction and these vacancy defects are responsible for variation in the magnetic behavior observed in undoped and doped samples of TiO 2 . 68 A perfect diamagnetism is absent in Zn-doped sample as shown in Fig. 8(d) and a diamagnetic tail is observed which is due to the effect of surface defects and oxygen vacancy defects even though stable Zn 2+ and Ti 4+ exist in the T-Zn sample. In order to have a detailed understanding of the relationship between magnetic properties and oxidation states of Ti, Cu, Zn and oxygen, XPS spectra have been recorded for all the samples and are shown in Fig. 9-11 . Fig. 9(a) shows the wide scan spectra of undoped TiO 2 . Elemental scan of Ti in undoped sample is shown in Fig. 9(b) Fig. 9 (c) and the deconvoluted O 1s peak gives three peaks at 529.43 eV, 529.81 eV and 531.41 eV which are ascribed to surface oxygen, probably in the form of surface hydroxyl groups and Ti-O-Ti group.
71,72
The XPS wide scan of T-Cu is represented in Fig. 10(a) , which indicates the presence of Cu with the appearance of Cu 2p peak.
69 The elemental scans of Ti, Cu and O are shown in Fig. 10(b 76 The contribution of surface oxygen is signicantly more in T-Cu in comparison to undoped T-P as shown in Fig. 10(d) .
The appearance of Zn 3s and Zn 3p peaks in the wide scan of T-Zn sample indicates the presence of Zn in T-Zn sample which is represented in Fig. 11(a) . The detailed elemental scans of Ti, Zn and O are depicted in Fig. 11 Fig. 11(c) . Hence, it is conrmed that Zn is bivalent in T-Zn. Therefore, it is well understood that Zn 2+ exist mainly in ZnO clusters dispersed on TiO 2 surface and this could be the reason for perfect diamagnetism exhibited by T-Zn as shown in Fig. 8(d) . The O 1s spectra of T-Zn sample is shown in Fig. 11(d) and aer deconvolution, the O 1s peak of the sample is split into three peaks at 529.89, 530.01 and 531.58 eV. The behavior of O 1s spectra of T-Zn is almost similar to T-P and slight peak shi observed among T-P, T-Cu and T-Zn could be due to the different surface oxygen contributions present in the respective samples. The intense peak at about 529.89 eV arises due to the oxygen in the 530.01 eV) and the hydroxyl group (OH, 531.58 eV) respectively as shown in Fig. 11(d) .
In the present study, we have attempted to investigate the inuence of TM ion site vacancies and oxygen vacancies on the magnetic behavior of the TiO 2 material due to the incorporation of non-magnetic elements in TiO 2 . The origin of RTFM observed for the undoped sample (inset of Fig. 8(b) ) has been mainly attributed to the particle size effect, defect concentration and Ti oxidation states. It has been observed that the reduction of particle size has a strong inuence on the magnetic properties of nanostructured TiO 2 material. The observed results suggest that the nanocrystalline material form in such a way that larger particles would be preferentially doped over the smaller particles. As the grain size further decreases, the surface area to volume ratio increases and the contribution from the grain boundary defects increases. Thus the inside of the nanocrystalline compound has magnetic properties same as that of the bulk counterpart while the amorphous outer layer is magnetically disordered due to more crystallographic defects and oxygen vacancies. Thus, due to the high disordered state of the outer region, the net magnetic moment of this amorphous region is zero, which in turn reduces the magnetization of the nanocrystalline compound compared to that of bulk counterpart. There is a strong exchange coupling taking place between the inner region and outer region of the nanocrystalline compound. The magnetically disordered state in the outer layer has a surface anisotropy contribution towards the effective anisotropy of the nanocrystalline compound. The effect of the surface anisotropy increases with a decrease in crystallite size. Thus the broken symmetry due to the grain surface effects has a strong inuence on the magnetic properties of nanocrystalline materials. The variation of magnetic moment and coercivity with particle size has been plotted and is shown in Fig. S3 . † One of the theoretical report suggest that a weak FM component in Ti can exist as a result of oxygen vacancy even without the presence of any secondary phases or magnetic impurities present at the Ti site. 77 Even though there is a weak FM behavior, a considerable magnetic moment may not be observed with the generation of oxygen vacancy interaction with the trapped electrons in TiO 2 material. 78 Depending on the magnetic interactions present between the Ti 3+ /Ti 4+ ions and Ti 3+ interaction with oxygen site vacancies, magnetic interactions such as diamagnetism, AFM, ferrimagnetism or FM could be liable to occur in undoped TiO 2 system. The charge redistribution associated with the oxygen vacancies can decide the magnetic properties of TiO 2 material, which is reected in the controversial results obtained in different TiO 2 based systems. 77, 78 Oxygen vacancy is associated with the formation of F-centres and the interaction of these leads to the change in magnetic behavior of the material due to the trapping of observed RTFM which has happened in the present case, i.e., in T-Cu sample. Here, the concept of mixed valence ions also holds good along with the concept of surface defects and hence the possible role of charge transfer FM can also be used to explain the RTFM. 80,81 The room temperature M-H loop at lower elds show a weak FM behavior in T-Zn, which further corroborates the PL results and the formation of defect centers and surface free electrons inherently present in the TiO 2 system is crucial in determining the magnetic behavior in the T-Zn sample. Rather than the oxygen vacancies, O 2p orbitals resulting from Ti/Zn site vacancy could be favorable for the magnetic response of T-Zn at lower elds. However, the diamagnetic tail observed at higher elds indicates the presence of Ti 4+ and Zn 2+ in T-Zn sample which is in agreement with the XPS results. BMP tting on undoped and Cu, Zn doped samples was carried out to investigate the impact of oxygen vacancy and non-magnetic ion concentrations. The tting has been carried out on the recorded M versus H data to the BMP model as explained in the previous report. 82, 83 According to this model, the measured magnetization can be tted using the following relation;
In the above mentioned equation, the rst term accounts for BMP contribution and the second term is associated with the PM matrix contribution respectively and it can be observed that the tted data are very well in accordance with the experimental data. The obtained parameters are represented in Fig. 12(d) from which the BMP concentration is found to be highest in T-Cu sample due to which the magnetic moment is more in comparison to T-P or TZn which is corroborated with the size versus moment plot shown in Fig. S3 . † In order to have a clear understanding regarding the spin interactions in these samples, a schematic representation is developed based on the results of XPS analysis which is depicted in Fig. 13 . As per the earlier discussions, the presence of Ti 3+ is suggested in undoped T-P sample along with Ti
4+
. The ratio of Ti 3+ to Ti 4+ is considerably small as shown in Fig. 9(b) . Still, this small fraction of Ti 3+ could have unpaired electrons in the 3d state as shown in Fig. 13 and it can interact with the oxygen vacancy centers associated with the T-P sample as discussed previously. In the case of T-Cu, Cu 2+ can be considered to be magnetic with one free electron and defect centers on the surface of TiO 2 system locally traps the electrons, ultimately leading to the formation of an F-centre where one of the electrons associated with the F-centre will have a tendency to interact with the adjacent localized Ti 4+ and convert Ti 4+ ions to Ti 3+ ions, resulting in the formation of an F + -centre. This mechanism can be well corroborated with the magnetic measurements also. But in the case of Zn-doped samples, Zn 2+ is the most stable oxidation state which is diamagnetic in nature and the formation of both Ti
3+
and F + -centre will be hindered here ultimately leading to the A similar behavior is observed for T-Zn also especially at lower magnetic elds, whereas at higher elds, i.e., above 10 000 Oe, the magnetic contribution from Ti 4+ and Zn 2+ magnetic contribution is dominated and ultimately diamagnetic tails are observed and hence the ratio of Ti 3+ /Ti 4+ is crucial in determining the magnetic behavior in both undoped and doped samples. The previous discussions suggest the absence of expected perfect diamagnetism in T-Zn due to the defects associated with the system and the XPS results illustrate the presence of Ti 4+ and Zn 2+ in the T-Zn system, where there is no unpaired electrons at all to contribute towards a long range FM as shown in Fig. 13 and 14 .
Conclusion
Structural, optical and magnetic properties of sol-gel derived undoped, Cu and Zn doped TiO 2 nanocrystals have been investigated. X-ray diffraction and Raman spectroscopy conrm the formation of anatase TiO 2 phase and detailed morphological and structural analysis using high resolution transmission electron microscopy reveals the nanocrystal formation for both undoped and (Cu, Zn) doped TiO 2 . The UV absorption spectra illustrates a red shi in the absorption edge for the doped samples indicating the successful incorporation of doped ions into the TiO 2 lattice. Cu doped TiO 2 shows a large shi in the absorption edge giving rise a signicant reduction in bandgap which favors the visible light photoactivity. The electronic transitions from conduction band to valence band, radiative recombination of self-trapped excitons and the information regarding the defect centers are explained using PL spectra. The undoped and Cu doped samples show a positive slope of magnetization up to a eld of 9 tesla and the magnetic moment is more prominently enhanced in Cu-doped TiO 2 than undoped TiO 2 . A signicant reduction in bandgap along with enhanced magnetization makes Cu-doped TiO 2 a suitable candidate material for future spintronic and magneto-optic applications. A diamagnetic tail is observed for Zn-doped TiO 2 in the magnetic eld ranging from 1 tesla to 9 tesla and a perfect diamagnetism is not observed in Zn doped TiO 2 due to the defect centers which is well explained using the BMP model and detailed XPS analysis.
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